Replication of drug-resistant human immunodeficiency virus type 1 (HIV-1) in the presence of drug can lead to the failure of antiretroviral drug treatment. Drug failure is associated with the accumulation of drug resistance mutations. Previous studies have shown that 3-azido-3-deoxythymidine (AZT), (؊)2,3-dideoxy-3-thiacytidine (3TC), and AZT-resistant HIV-1 reverse transcriptase (RT) can increase the virus in vivo mutation rate. In this study, the combined effects of drug-resistant RT and antiretroviral drugs on the HIV-1 mutant frequency were determined. In most cases, a multiplicative effect was observed with AZT-resistant or AZT/3TC dually resistant RT and several drugs (i.e., AZT, 3TC, hydroxyurea, and thymidine) and led to increases in the odds of recovering virus mutants to over 20 times that of the HIV-1 mutant frequency in the absence of drug or drug-resistance mutations. This observation indicates that HIV-1 can mutate at a significantly higher rate when drug-resistant virus replicates in the presence of drug. These increased mutant frequencies could have important implications for HIV-1 population dynamics and drug therapy regimens.
The treatment of human immunodeficiency virus type 1 (HIV-1)-infected individuals with antiretroviral drugs including reverse transcriptase (RT) and protease inhibitors in a combination therapy (called highly active antiretroviral therapy, or HAART) has significantly reduced the rate of HIVand AIDS-related morbidity and mortality (34, 37) . However, a problem with these therapies is that they can be suboptimal, due in some cases to a lack of patient compliance to drug administration (2, 12) . Suboptimal drug treatment can lead to the selection of drug-resistant viruses which can limit the clinical benefit of drug treatment and even lead to new variant viruses with altered virulence and tropism (4, 18, 32) . Clinical drug resistance to RT inhibitors such as 3Ј-azido-3Ј-deoxythymidine (AZT) and (Ϫ)2Ј,3Ј-dideoxy-3Ј-thiacytidine (3TC) is commonly conferred by single (3TC) or several (AZT) amino acid changes in RT.
The in vivo mutation rate for HIV-1 was previously determined to be 4 ϫ 10 Ϫ5 mutations per target base pair per replication cycle (22, 28) , which predicts that about one mutation occurs for every three new genomes produced. Thus, viral genomes with each possible mutation as well as many with double mutations are likely generated each day. When drug treatment incompletely suppresses viral replication, the selection and fixation of mutations that confer drug resistance occurs at a rapid rate (38, 40) . These drug-resistant viruses can readily reside in latently infected cells, which further complicates subsequent drug treatment regimens during the life of the infected individual (6, 42) . When drug resistance mutations accumulate, drug susceptibility diminishes and reduces the potency of the components of HAART. Continued replication in the presence of drug will select for even greater levels of resistance and typically leads to cross-resistance to drugs of the same class (17, 39) . Transmission of HIV-1 with reduced susceptibility to antiretroviral drugs may compromise the efficacy of drug therapy (10) .
Several previous studies have investigated how antiretroviral drugs can influence the fidelity of retrovirus replication. For instance, 5-azacytidine, which is a nucleoside analog that is incorporated into RNA and inhibits protein synthesis, was previously found to increase the in vivo mutation rate of spleen necrosis virus (SNV; an avian retrovirus) by a factor of 13 (33) . AZT was subsequently observed to increase the SNV mutant frequency by a factor of 10, and AZT was found to increase the mutant frequency of murine leukemia virus (MLV) by a factor of 3 (15) . Another study showed that deoxynucleoside triphosphate (dNTP) pool imbalances created by treating cells with either hydroxyurea (HU) or thymidine (Thy) can significantly increase the SNV and MLV mutation rates but that the influence of AZT on the SNV and MLV rates did not involve altering dNTP pools (16) .
A recent study investigated how AZT and 3TC, as well as AZT and 3TC resistance-conferring mutations, influence the in vivo mutation rate of HIV-1 (25) . This analysis utilized the lacZ␣ peptide gene as a mutational target, as in other studies (23, (25) (26) (27) (28) . AZT increased the HIV-1 mutation rate 7.6-fold in a single round of replication. In addition, 3TC increased the virus mutation rate 3.4-fold. AZT-resistant RT was also found to influence the mutation rate. In particular, replication of HIV-1 with AZT-resistant RTs increased the mutation rate as much as 4.3-fold, while replication of HIV-1 with a 3TC-resistant RT had no significant effect on the mutation rate. It was observed that only high-level AZT-resistant RT variants could influence the in vivo mutation rate (i.e., those containing the mutations M41L/T215Y and M41L/D67N/K70R/T215Y).
In this study, the combined effects of drug and drug-resistant virus were analyzed. It was found that the replication of AZTresistant HIV-1 in the presence of AZT led to a multiplicative increase in the odds of recovering mutants to over 20 times that observed with wild-type (wt) virus in the absence of drug. Furthermore, replication of AZT/3TC dually resistant virus in the presence of AZT and 3TC also led to a multiplicative increase in the odds of recovering virus mutants. Finally, the replication of AZT-resistant virus in the presence of HU and Thy also increased virus mutant frequencies.
MATERIALS AND METHODS

Retroviral vectors and expression plasmids.
The HIV shuttle vector used in these studies has been previously described (23, 27, 28) . The vector cassette contains the SV40 promoter driving expression of the neomycin phosphotransferase gene (neo), a bacterial origin of replication from pACYC 184, and the lacZ␣ peptide gene (Fig. 1A) . The HIV-1 gag-pol expression plasmid, the amphotropic murine leukemia virus env expression plasmid, and the vector used for expression of wt Vpr have been previously described (27) . The RT variants analyzed in these experiments were constructed by introducing mutations encoding RT amino acid substitutions into pSVgagpol-rre-r by a primary and combinatorial two-step PCR protocol (14, 23) .
Transfections, infections, and cocultivations. The COS-1 and HeLa cell lines used were obtained from the American Type Culture Collection (Rockville, Md.) and were maintained in Dulbecco's modified Eagle's medium containing 10% calf serum or 10% fetal bovine serum, respectively. HIV-1 vectors and expression plasmids were transfected into HeLa cells by use of Superfect (Qiagen). HeLa cells were infected in the presence of Polybrene (13) . Infection of HeLa target cells was also done by cocultivation of virus-producing cells with target cells (24, 29) .
The influence of the antiretroviral drugs on HIV-1 mutant frequencies was determined by posttreatment of cells with drug. Posttreatment refers to maintaining HeLa target cells in medium supplemented with drug for 2 h before cocultivation and continued until 24 h after cocultivation. Posttreatment with drug influences the HIV-1 mutant frequency only during reverse transcription (25) .
Experimental protocol for single cycle of HIV-1 replication. The experimental protocol developed to obtain a single cycle of HIV-1 shuttle vector replication is shown in Fig. 1 and described in detail elsewhere (23, 27, 28) . Proviral DNA containing the mutation target was purified with the Lac repressor protein as previously described (29) . The Lac repressor protein was purified from Escherichia coli strain HB101/lac pIQ (kindly supplied by Tom Record, University of Wisconsin, Madison) as previously described (19) . The purified proviral DNA was introduced into E. coli, and the ratio of white plus light-blue bacterial colonies to total bacterial colonies observed provided a forward mutant frequency for a single HIV-1 replication cycle.
RESULTS
One round of HIV-1 vector replication. The general protocol developed to assay a single round of HIV-1 shuttle vector replication is shown in Fig. 1 . Cocultivation was used to produce infected target cells in order to obtain the largest number of infected cells for analysis of the mutant frequency. Cocultivation of mitomycin C-treated step 2 cells (typically 2. The HIV-1 vector used has been previously described (23, 27, 28) . The vector contains a cassette with the simian virus 40 promoter driving expression of the neo gene, a bacterial origin of replication, and the lacZ␣ peptide gene. (B) Protocol for one cycle of HIV-1 vector virus replication. The steps going from a parental shuttle vector provirus in the step 2 cell to a vector provirus in the step 3 cell constitute a single cycle of replication. The influence of the antiretroviral drugs on HIV-1 mutant frequencies was determined by posttreatment of step 3 cells with drug. Posttreatment refers to maintaining step 3 cells in medium supplemented with drug for 2 h before cocultivation and continuing until 24 h after cocultivation. G418-resistant cells infected with the HIV-1 vector were pooled and the total DNA was purified and digested with restriction enzymes. The vector cassette was selectively purified with the Lac repressor protein, ligated, and introduced into E. coli. The ratio of light blue and white bacterial colonies to total colonies observed was used to determine virus mutant frequencies.
The influence of drugs together with drug-resistant HIV-1 RT on the rate of HIV-1 mutation was determined by maintaining the HeLa target cells in medium supplemented with drug. The target cells were treated for 2 h before infection as well as 24 h after infection. The drug treatments were initiated 2 h before infection to ensure that dNTP pools were altered by the drug at the time of infection, when the process of reverse transcription initiates. The target cells were maintained in medium with drug for 24 h after infection to ensure that the dNTP pool imbalance was present throughout HIV-1 replication and establishment as a provirus (ϳ8 h after infection). The drug concentrations used were chosen based on physiological relevance, previous observations, and concentrations that would not greatly diminish the level of infection of target cells (15, 16, 25, 31) .
AZT or 3TC and AZT-resistant HIV-1 RT together result in a multiplicative increase in the odds of recovering virus mutants. AZT and AZT-resistant HIV-1 RT have individually been shown to increase mutant frequencies during HIV-1 replication (25) . Since during the course of antiviral therapy there are HIV-1-infected individuals harboring viruses with drug resistance mutations, the combined effect of drugs and drug resistance mutations on the HIV-1 mutation rate is of interest.
The analysis of the replication of AZT-resistant HIV-1 in the presence of AZT could lead to several possible effects on the mutation rate, including additive, multiplicative, synergistic, and antagonistic effects. To determine the effects of AZT and AZT-resistant HIV-1 RT on the mutant frequency of HIV-1, the effects of AZT postinfection treatment of target cells infected with AZT-resistant HIV-1 were analyzed. Two AZT-resistant RTs, M41L/T215Y and M41L/D67N/K70R/ T215Y, were initially used in the present study. In parallel experiments, target cells infected with the HIV-1 vector were grown in the presence of 0.4 M AZT ( Table 1) . As indicated in Table 1 , the M41L/T215Y RT led to a 3.3-fold increase in the odds of recovering virus mutants, and there was a 5.2-fold increase in the odds with M41L/D67N/K70R/T215Y RT. A drug concentration of 0.4 M AZT led to a 6.5-fold increase in the odds of observing virus mutants compared to virus replication with wt HIV-1 RT in the absence of drug. The above increases in the odds of mutant virus recovery are all significant as can be seen from the 95% confidence intervals that do not cover the baseline value of 1. The relative amount of infectious virus produced using M41L/T215Y RT, M41L/D67N/K70R/ T215Y RT, or 0.4 M AZT was 60, 40, or 20% of that observed for virus replication with wt RT in the absence of drug. If the combination of drug and drug-resistant RT had a multiplicative effect on the odds of virus mutant recovery, an Interestingly, virus replication with the M41L/T215Y RT or the M41L/D67N/K70R/T215Y RT in the presence of 0.4 M AZT led to 21-fold and 24-fold increases in the odds of virus mutant recovery, respectively, compared to virus replication using wt HIV-1 RT in the absence of AZT ( Table 1 ). The relative amount of infectious virus transfer for either the M41L/T215Y RT or the M41L/D67N/K70R/T215Y RT in the presence of 0.4 M AZT was 10% that of virus replication in the absence of drug with wt RT. These levels of infectious virus transfer were slightly lower than the value obtained with wt RT in the presence of 0.4 M AZT (which was 20%) but are likely not dramatically lower, as it is expected that the drug-resistant virus would replicate more efficiently in the presence of drug over multiple rounds of replication. Overall, these observations are consistent with a multiplicative effect of drug and drugresistant RT on the virus mutant frequency. In fact, no significant deviation from the multiplicative model is found (P ϭ 0.59), while an additive model is rejected as an explanation of the data (P Ͻ 0.001).
To determine if other antiretroviral drugs could act together with the AZT resistance mutations in HIV-1 RT to increase the virus mutant frequency, 3TC was tested. In parallel experiments, target cells infected with the HIV-1 vector were grown in the presence of 0.3 M 3TC (Table 1 ). In the absence of 3TC, the mutant odds with M41L/D67N/K70R/T215Y RT were about 4.7-fold higher than the mutant odds during replication with wt RT (Table 1 ). In the presence of 0.3 M 3TC, the odds of mutant recovery during one round of replication with the M41L/D67N/K70R/T215Y RT were 13.6-fold higher than those with wt RT in the absence of drug (Table 1) . Infectious virus transfer with the M41L/D67N/K70R/T215Y RT in the presence of 3TC was 30% that observed for replication with wt RT in the absence of drug. For an additive or multiplicative effect, the fold increase in mutant odds would have been predicted to be either 7.5-or 13.2-fold, respectively. Therefore, these observations are also consistent (P ϭ 0.9) with the hypothesis that 3TC acts in a multiplicative manner with AZT-resistant RT during HIV-1 replication and results in corresponding virus mutant frequency increases.
AZT and 3TC treatment together with AZT-resistant or AZT/3TC dually resistant HIV-1 RT can increase the HIV-1 mutant odds in a multiplicative manner. To test whether AZT and 3TC could act together to influence the HIV-1 mutant frequency with a drug-resistant RT, virus replication with either a singly or dually resistant RT in the presence of both drugs was done and the mutant odds were then analyzed. Table  1 shows that AZT/3TC dual treatment during HIV-1 replication with wt RT increased the odds of virus mutants 9-fold compared to that of virus replication in the absence of drug, while AZT/3TC dual treatment with the AZT-resistant M41L/ D67N/K70R/T215Y RT mutant increased the virus mutant odds 26.1-fold over the mutant frequency with wt HIV-1 RT and no drug ( Table 1) . The 95% confidence interval shows consistency with the hypothesized increase under a multiplicative model (predicted odds increase of 9 ϫ 3.4 ϭ 30.6) but not with an additive model (predicted odds increase of 9 ϩ 3.4 ϭ 12.4). Infectious virus transfer levels for AZT/3TC dual treatment alone and for AZT/3TC dual treatment with the M41L/ D67N/K70R/T215Y RT were both 10% of the level of infectious virus transfer observed for virus replication in the absence of drug with wt RT. The virus mutant odds for AZT/ 3TC dual treatment during HIV-1 replication with the AZT/ 3TC dually resistant M41L/D67N/K70R/M184V/T215Y RT mutant led to a 22.5-fold increase in the virus mutant odds compared to replication with wt RT in the absence of drug. In the absence of drug, virus replication with the M41L/D67N/ K70R/M184V/T215Y RT mutant led to an average mutant odds that was about 3.9-fold higher than with virus replication with wt HIV-1 RT and no drug (Table 1) . Overall, these results indicate that AZT and 3TC fit the model (P ϭ 0.37) of acting together to increase HIV-1 mutant recovery along with drugresistant RT in a multiplicative manner.
HU treatment of cells increases HIV-1 mutant frequency in a dose-dependent manner and acts together with drug-resistant RT to increase mutant odds. HU, a well-documented drug used in HIV-1 treatment, is known to alter intracellular dNTP pools by inhibiting ribonucleotide reductase, resulting in a depletion of all dNTPs (3, 8, 9, 11, 21, 31) . To determine whether treatment of cells with HU would increase the mutant frequency of HIV-1, the effects of HU postinfection treatment of infected target cells were determined. In parallel experiments, target cells infected with the HIV-1 vector were grown in the presence of HU ranging from 0 to 3.0 mM (Fig. 2) . As indicated in Fig. 2 , HU treatment increased the mutant frequency of HIV-1 in a statistically significant dose-dependent manner (P Ͻ 0.001). The relative amount of infectious virus transfer to target cells compared to controls was reduced to 90% with 1 mM HU, 70% with 1.5 mM HU, 40% with 2.0 mM HU, and 30% with 3.0 mM HU. This indicates that concentrations of HU that reduced virus transfer by 10% or more meaningfully increased the mutant frequencies to that of the control. The increase in mutant frequency observed with HU posttreatment was interpreted to be due to an increase in the error rate of reverse transcription.
HU treatment was next tested to see if it could enhance the ability of AZT-resistant RT to influence mutant frequencies (Table 1) . HIV-1 replication using the M41L/D67N/K70R/ T215Y RT in conjunction with posttreatment of permissive target cells with 2.0 mM HU resulted in a 21.8-fold increase in the odds of virus mutant recovery over that observed in the absence of drug and a 3.5-fold increase in odds over that found for HIV-1 replication with wt RT in the presence of 2.0 mM HU ( Table 1 ). The amount of infectious virus transfer during replication in the presence of HU with the M41L/D67N/K70R/ T215Y RT was about 10% that of virus replication in the absence of drug with wt RT. In this case the data were consistent with the hypothesis of either an additive or a multiplicative effect of AZT-resistant RT and HU.
Thy treatment of cells increases HIV-1 mutant frequency in a dose-dependent manner and acts together with drug-resistant RT to further increase virus mutant odds. Like HU, Thy has been well documented to alter intracellular dNTP pools and has been shown to increase retrovirus mutation rates (5, 16, 31, 36, 41) . To determine whether treatment of cells with Thy would increase the mutant frequency of HIV-1, the effects of Thy treatment of target cells were determined. In parallel experiments, target cells infected with the HIV-1 vector were grown in the presence of Thy, ranging from 0 to 75 M (Fig.  3) . Posttreatment of cells with 10 M Thy resulted in a mutant frequency of 0.008 mutant/cycle, which was 1.6 times higher than the control mutant frequency (0.005 mutant/cycle). Posttreatment of cells with either 25, 50, or 75 M Thy resulted in mutant frequencies of 0.010, 0.024, and 0.036 mutant/cycle, respectively. These observations indicate that Thy treatment can increase the mutant frequency of HIV-1 in a statistically significant dose-dependent manner (P Ͻ 0.001). The relative amount of infectious virus transfer to target cells compared to controls was reduced to 80% with 25 M Thy, 50% with 50 M Thy, and 20% with 75 M Thy. This indicates that the concentrations of Thy that reduced virus transfer to 90% or lower meaningfully increased the mutant frequencies to that of the control. The increase in mutant frequency observed with Thy posttreatment, as was observed with HU posttreatment, was interpreted to be due to an increase in the error rate of reverse transcription.
Experiments were then done to determine if Thy treatment could enhance the influence of AZT-resistant RT on the odds of recovering HIV-1 mutants. In particular, virus replication in one round of replication using the M41L/D67N/K70R/T215Y RT mutant was done in conjunction with posttreatment of permissive target cells with 0.4 M Thy (Table 1 ). The resulting mutant odds were 16.7-fold higher than the odds of virus mutants with wt RT and no drug and 3-fold higher than the virus mutant odds during HIV-1 replication with the M41L/ D67N/K70R/T215Y RT mutant and no drug. Infectious virus transfer in the presence of Thy with the M41L/D67N/K70R/ T215Y RT was about 10% that observed during replication in the absence of drug with wt RT. The data in this case were consistent with the hypothesis of either an additive or a multiplicative effect of AZT-resistant RT and Thy.
DISCUSSION
Previous work has indicated that antiretroviral drugs or drug resistance mutations in RT can increase the HIV-1 mutation rate. In particular, AZT and AZT-resistant RT alone were found to increase the virus mutation rate by 7.6-and 4.3-fold, respectively (25) . The primary objective of this study was to analyze the potential interplay of antiretroviral drugs and drug resistance mutations in RT on their combined effect on HIV-1 mutant frequencies.
The effects of various drugs in a single round of replication of AZT-resistant and AZT/3TC dually resistant vector viruses were analyzed. The AZT drug-resistant RTs analyzed, M41L/ T215Y and M41L/D67N/K70R/T215Y, confer high levels of AZT resistance. The AZT/3TC dually resistant RT used, M41L/D67N/K70R/M184V/T215Y, confers AZT and 3TC resistance. The drugs studied were AZT, 3TC, HU, and Thy. In general, the increase in the odds of recovering virus mutants observed was approximately multiplicative when drug-resistant virus replication occurred in the presence of drug. The increase in mutant odds was found to range from 13.6-fold (replication of AZT-resistant HIV-1 in the presence of 3TC) to as much as 26.1-fold (replication of AZT/3TC dually resistant HIV-1 in the presence of AZT and 3TC). Thus, each of the drugs tested   FIG. 2 . HU increases HIV-1 mutant frequencies in a dose-dependent manner. HU was added at the concentrations indicated for 2 h before cocultivation and continuing until 24 h after cocultivation. Analysis of the effects of HU at different concentrations was done in parallel and each concentration was tested in at least two independent experiments. The average mutant frequency for each HU treatment is shown. FIG. 3 . Thy increases HIV-1 mutant frequencies in a dose-dependent manner. Thy was added at the concentrations indicated for 2 h before cocultivation and continuing until 24 h after cocultivation. Analysis of the effects of Thy at different concentrations was done in parallel and each concentration was tested in at least two independent experiments. The average mutant frequency for each Thy treatment is shown.
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acted together with AZT-resistant RT and increased virus mutant frequencies. Potential mechanisms responsible for increased virus mutant frequencies. The mechanisms for how drugs such as AZT and 3TC or drug-resistant RTs act to increase virus mutant frequencies are presently being investigated. The observation that the combination of drug-resistant RTs with various drugs led, in general, to a multiplicative increase in the odds of recovering virus mutants suggests that the mechanisms responsible for the increase in mutant frequency due to RT with each of the drugs tested could be independent of each other.
Previously, AZT was found to increase the mutation rates of SNV and MLV (15) . Hypotheses proposed to explain these increased mutation rates include (i) AZT alters nucleotide pools, (ii) AZT is incorporated into plus-strand DNA and may result in discontinuous DNA synthesis of viral DNAs with proper ends that integrate with subsequent error-prone repair by the host cell, and (iii) AZT may bind noncatalytically to RT and cause a conformational change that influences enzyme fidelity (15) . Subsequent work has found that the mechanism for how AZT increases the SNV and MLV mutation rates does not involve alterations of nucleotide pools (16) . However, the effect of AZT on nucleotide pools has not been extensively studied in different cell lines or in primary lymphocytes and macrophages, so it is plausible that AZT could influence nucleotide pools in particular cell types. One mechanism of AZT resistance has been found to involve the excision of AZT after it has been incorporated (1, 30) and would predict that AZTresistant RT has higher fidelity not lower fidelity. Since AZTresistant RTs were observed to have lower in vivo fidelity (25) , the excision of AZT after incorporation does not increase in vivo fidelity. Also, there have been no reports that indicate that the cell-free fidelity of AZT-resistant RT is enhanced. It is possible that the fidelity for correcting mispairs that do not involve the drug is lower for AZT-resistant RT than for wt RT. Clearly, further analysis of AZT-resistant RT is needed to understand the mechanism(s) responsible for its influence on in vivo fidelity. Like AZT, 3TC is a nucleoside analog and may influence the virus mutation rate by similar mechanisms.
HU and Thy are well documented to alter intracellular dNTP pools. HU alters dNTP pools by inhibiting ribonucleotide reductase and depleting all dNTPs and may also influence DNA repair by increasing the sensitivity of cells to UV irradiation and to other mutagens. The dNTP pool imbalances induced by Thy treatment likely arise from modulation of the feedback regulation of ribonucleotide reductase. Given that HAART typically combines two or three RT inhibitors for controlling HIV-1 infection, the combined effects of RT on HIV-1 mutant frequencies may be clinically relevant. Furthermore, the development of drug resistance in the presence of drug indicates that the combined effect of drugs and drugresistant RT on HIV-1 mutant frequencies may also be clinically relevant.
HIV-1 mutation rate and HIV-1 population dynamics. The impact of an altered HIV-1 mutation rate is dependent on the population dynamics of the virus population. Deterministic models have been used for predicting the effects of mutation and selection on HIV-1 populations (4, 35), while others have pointed out that stochastic models may be more appropriate (20) . A simple "metapopulation" model for HIV-1 replication shows that the combination of founder effects and subpopulation turnover can result in an effective population size much lower than the actual population size (7). This lower population size could contribute to the importance of genetic drift in HIV-1 evolution despite a large number of infected cells. The impact of changes in mutation rate on HIV-1 population dynamics and evolution needs to be experimentally investigated.
